Osteoporosis causes the bone mass loss and increased fracture risk. This paper presents the modelling of osteoporotic human lumbar vertebrae L1 by employing finite elements method (FEM). The isolated inhomogeneous vertebral body is composed by cortical outer shell and cancellous bone. The level of osteoporotic contribution is characterised by reducing the thickness of cortical shell and elasticity modulus of cancellous bone using power-law dependence with apparent density. The strength parameters are evaluated on the basis of von Mises-Hencky yield criterion. Parametric study of osteoporotic degradation contains the static and nonlinear dynamic analysis of stresses that occur due to physiological load. Results of our investigation are presented in terms of nonlinear interdependence between stress and external load.
INTRODUCTION
Osteoporosis is a disease characterized by low bone mass and micro-architectural deterioration of bone tissue. Due to the process of osteoporotic degradation, the thickness of cortical bone and apparent density of cancellous bone are significantly reduced. Osteoporosis is one of the major health problems, especially in elderly populations, and is associated with fragility fractures. Various social and medical aspects of the osteoporosis has been studied worldwide (Agarwal and Kalia, 2014; Lin and Lane, 2004, Cooper et al., 2011; Cummings and Melton III, 2002) . Although osteoporotic fractures can occur anywhere in the human body, vertebral fractures are the most common among them, particularly in the elderly population. Vertebral fractures result in pain, functional disability, affects the quality of life, and is associated with the increased mortality (Melton III et al., 2013; Johnell et al., 2004) .
It could be mentioned that this disease affects over 200 million people over the world. It is estimated that one in three women and one in five men over the age of fifty worldwide will sustain an osteoporotic fracture. Hip and spine fractures are the two most serious fracture types, associated with substantial pain and suffering, disability, and even death. In 2010, 22 million women and 5.5 million men were estimated to have osteoporosis in the European Union; and among 3.5 million new fragility fractures, 520,000 vertebral fractures were sustained. The economic burden of incident and prior fragility fractures was estimated at € 37 billion (Svedbom et al., 2013) .
The modern understanding of the osteoporosis has been gained by the cooperative interaction of several scientific disciplines. Apart in depth knowledge of the bone biology, specific understanding of biomechanical behaviour is required. In combination with other studies, the mechanistic approach based on biomechanics and the numerical finite element analysis provide useful tools for research on the bone fragility and support a clinical prediction of bone fractures. The biomechanical research, when compared to the branches of traditional aeronautical and civil engineering, provides not only a new application area but also a raft of challenges relating to the simulation of living tissues.
Comprehensive discussion on the role of computational biomechanical simulations was raised up in the review paper (Doblare et al., 2004). The approach integrating numerical simulations, experiments and theoretical knowledge as the major focus of future research was pointed out. Application of computational simulations of factors and parameters that are difficult or impossible to examine experimentally will reduce or even replace experimental and clinical trials. Adequacy of the finite element simulations essentially depends on the choice of mechanical approach and the development of proper finite model. Generally, mechanical FE simulations are aimed to calculate variations of mechanical stress and strain fields while evaluation of strength, fracture risk and others synonymous parameters is performed in secondary part of simulation.
The FE models applied for mechanical analysis of the spine range from sub-micron scale assessment of vertebral bone up to the analysis of the whole spine and surrounding structures. Developments of the entire human spine scale FE models and their simulations are rather limited (Watanabe et al., 2001; Okamoto et al., 2014) . Here, vertebrae are connected via intervertebral discs (IVD) and posterior elements having a relatively complex geometry. Numerical results obtained by applying a threedimensional FE model of the human body (Okamoto et al., 2014) illustrate that maximal stresses are distributed along the entire skeleton, but fractures and dangerous deformation are concentrated in the local fragment of three vertebrae. Eight wellestablished FE models of the lumbar spine (L1-L5) created by different research centres around the globe were compared to in vitro and in vivo measurements (Dreischarf et al., 2014) .
The earlier developments of spinal finite element models with a view to a standardized framework of verification, validation and sensitivity analysis were examined in the review paper (Jones and Wilcox, 2008) . The scope of the above paper was restricted to review models of the vertebra, the intervertebral discs and short spinal segments. Several tendencies concerning various aspects of vertebral models could be distinguished in this review and in the further developments. The FE models largely depend on the material properties, geometry, meshing technique, etc.
Regarding these results and extremely large difficulties in forming of the real geometry of spine, most of the studies focus on the simplified models. Vertebral body under consideration mainly comprises cancellous bone core consisting of the trabecular network surrounded by compact bone in a form of external thin cortical shell. Character of these properties plays crucial role in development of the finite element models. It is obvious that the mechanical properties of the bone tissues in vertebral body are directly influenced by their microstructure (Bono and Einhorn, 2003) . Thereby, the measurement of bone mineral density is useful method in evaluation of fracture risk. Osteoporotic changes of the skeleton may be also quantified by the density-dependent bone strength degradation described by power-laws (Doblare et al., 2004) . Compressive review and summary of elasticity-density relationships is are also presented by Helgason et al. (2008) . Some recommendations are made for the application of elasticity-density relationships to subject-specific finite element studies (Helgason et al., 2008) .
Discrete structure of the bone tissue may be transferred to FE models in a number of ways. The voxel-based finite element models are patient-specific or specimen-specific models (Jones and Wilcox, 2008) . The sample of vertebral body was generated on the basis of QCT (Crawford et al., 2003) . Here, material properties are then defined on an element-by-element basis using densities derived from the scanned image data. This method represents a clinically feasible approach, unable to distinguish properties of the cortical shell. Presented applications illustrate, see (Jones and Wilcox, 2008) and (Crawford et al., 2003) , that finite element model-derived estimates of strength are better predictors of in vitro vertebral compressive strength than clinical measurements of bone density using a computer tomography.
A generic FE models are based on continuum description. Characterization of porous discrete micro-structure of trabecular tissues is non-unique and is still under development. The purely elastic inhomogeneous lumbar spine (L3 -L4) model including on the lumbar intervertebral disc, was considered (Su et Qualitative verification of the FE models largely depends on the model geometry and meshing technique. Geometry models of vertebrae can be divided into two categories (Jones and Wilcox, 2008) . Geometry of models, whose are classified to the first category, is obtained on the data of a particularly measured in vitro specimens and all voxel-based models belong to them. Generic models are computationally generated parametrical models whose values reflect an average of the real sizes. Continuum models of this category are used to represent inhomogeneous vertebra. This approach is basically applied for representation of anatomical geometry of cortical shell. The treatment of the cortical shell by FE differs across the range of single vertebral models. In several cases, thin (McDonald et al., 2010) or thick (Garo et al., 2011) shell elements may be used but 3D tetrahedral or brick elements still prevail.
Simulation of the spine fragment involves the intervertebral discs (IVD) (Jones and Wilcox, 2008) . The IVD presents a complex inhomogeneous, anisotropic and porous structure, which behaviour is governed by biochemical processes as well as mechanical properties. Simulation of the mechanical behaviour of disc has led to a number of different approaches (Dreischarf et al., 2014; Łodygowski et al., 2005; Jaramillo et al., 2015 . FE simulation of osteoporotic vertebrae loaded via healthy and degenerated intervertebral disc calibrated against in vitro tests was demonstrated in Crawford et al. (2003) . The three different viscoelastic models of disc were considered in Gohari et al. (2013) and three different viscoelastic finite element models were prepared for lumbar motion segment (L4/L5).
In most of applications, the investigations were restricted by static loading, while consideration of the dynamic loads are rather limited (Garo et al., 2011; El-Rich et al., 2009). The present study is aimed at numerical investigating the influence of osteoporotic degradation of L1 lumbar vertebral body on the mechanical strength characterization. Evaluation of the contribution of timedependent load and degradation of mechanical properties is addressed due to dynamic load.
METHODS AND MATERIALS

Problem formulation
The Von Mises-Hencky criterion is applied on research of stresses, which occur on cortical shell of the model. The selection of this criterion is based on mechanical properties of the bone, which seem to behave as a ductile material (Dreischarft et al., 2014; Wolfram et al., 2012) .
It is defined in Eq. (1) below, where σ1, σ2 and σ3 are the maximum, intermediate, and minimum principal stresses respectively. σ y is a yield stress (40 MPa). This value is specific for osteoporotic bone (Nazarian et al., 2008) . 
In nonlinear dynamic analysis, the equilibrium equations of the dynamic system at time step t+∆t are: Using implicit time integration Newmark-Beta scheme and employing a Newton's iterative method, the above equations are cast in the form:
where: t+∆t {R} (i) -the effective load vector and t+∆t [K] (i) -the effective stiffness matrix. The three-dimensional static and dynamic analysis was performed using BRIGADE/Plus software.
Geometry of the model
The inhomogeneous lumbar vertebrae body consists of two basic structural members -outer cortical shell fulfilled by inner bone tissue. The initial anatomical geometry of the vertebral body is developed by using DICOM format data and the model is illustrated in Fig. 1 . The height of the lumbar vertebral body model is approximately equal to 30 mm, the cross-sectional size is approximately equal to 40 mm. Two intervertebral disks of 10 mm thickness were also included to reflect boundary conditions with the neighbour trabecular. 
Mechanical properties of structural members
Surrounding compact bone (cortical shell) is modelled as isotropic elastoplastic continuum as described in McDonald et al., (2010) . The inner cancellous bone is transversally isotropic and perfectly elastic. The stress-strain curve for cortical bone is presented in Fig. 2 . Intervertebral disks were assumed isotropic and perfectly elastic. Mechanical properties of model members are presented in Tab. 1.
Fig. 2. Stress-strain curve for cortical bone (E=8 GPa)
The influence of osteoporosis is modelled by changing the thickness of cortical shell. In this research, we were investigating three models with thickness of 0. 
where: ρ -apparent density. In current research, it is in range between 0.10 and 0.30 g/cm 3 . 
Tab. 1. Elasticity constants and density parameters
Loads and boundary conditions
The bone is subjected by the physiological loads, which occur through daily activities. Generally, it presents the axially acting pressure load in the range between 0.15 and 0.75 MPa (Fig. 3) .
These values are equivalent to 160-810 N compressive force.
Due to nonlinear dynamic analysis, the load depends on the displacement values while it's direction during compression changes with the deformed shape of the model. Fig. 3 . Schematization of load due to compression test, E1 -cortical shell; E2 -cancellous bone Time variation of the load is shown in Fig. 4 and is determined to simulate the effect of dynamic load bearing. The character of time curve is based on analysis of jumps using force platform (Linthorne, 2010) . It is easy to find that in the first stage until 0.15 MPa the loading is low and has static character while in the second stage in the range of 0.15 and 0.75 MPa nonlinear behaviour is expected. Load was applied vertically on the surface of superior intervertebral disk. The bottom intervertebral disk was constrained from any motion.
Fig. 4. Variation of dynamic load in time
Meshing
The model was meshed with triangular finite elements due to its curvature. The cortical and trabecular bone is presented as 3D structure and meshed by using volume tetrahedral finite elements. The number of finite elements of cortical bone was 7686 and the number of nodes -16597, as for the most important part of the model. The number of finite elements of cancellous bone was 12915, the number of nodes -18313. The number of finite elements of intervertebral disks was only 3224 and the number of nodes -5677, for it's not the primary part of the model. The model is characterized by 113 274 degrees of freedom. BRIGADE/Plus software was used. The meshed model is presented in Fig. 5 . 
NUMERICAL RESULTS AND DISCUSSION
The numerical results of both static, dynamic analysis and their comparison are presented below. Also, the comparison between static and dynamic results is performed and presented graphically.
Static analysis
Stress distribution on cortical shell of the model is shown in Fig. 6 . It shows that the highest von-Mises stresses occurred in the middle of the cortical shell on the front side of the model, and on its posterior side (Fig. 6 ). 3 , though, it doesn't reach the value of ultimate stress (40 MPa). It proves that cortical shell plays important role in whole strength of lumbar vertebral body and despite of poor apparent density (0.1 g/cm 3 ) of cancellous bone, still can carry compression load safely.
Figs. 8 and 9 show a relation between calculated and ultimate Von Mises stress for models with 0.4 and 0.2 mm cortical shell thickness. Maximal stress is about 35 MPa due to minimum apparent density. It reaches 87% of ultimate stress and it is 25% higher than for the model with 0.5 mm thickness of cortical shell. 
Dynamic analysis
The stresses distribution in lumbar vertebra during dynamical analysis was computed. It is easy to see, that stress concentrators are more contrast, than due to static analysis. The highest value of stress appeared in the middle of cortical shell and it is in a good agreement with clinical observations (Agrawal and Thickness of cortical shell is 0.5 mm Fig. 11 shows that failure of the model is expected due to 0.6 MPa load while density of cancellous bone is less than 0.1 g /cm 3 .
Relations between calculated and maximum Von Mises stress on cortical shell of the model with 0.4 and 0.2 mm thicknesses versus apparent density and load are presented in Figs. 12, 13 and 14. It shows, that failure of the model is expected due to 0.45 MPa load while medium apparent density ~0.2 g/cm 3 occurs. 
Comparison between static and dynamic results
Distribution of stress due to dynamical load is more varied and there is the higher risk of shell overloading. The failure of the model is obtained by external 0.45 MPa load due to 0.15 g/cm 3 bone density in case of dynamical analysis. The same effect was observed in terms of static analysis, for 0.45 MPa load and 0.10 g/cm 3 cancellous bone density. It shows that dynamic loads are more dangerous for lumbar body (Fig. 15) . 16 shows the difference between Von Mises stress values due to static and dynamic load for model with 0.5 mm cortical shell thickness. Now we observe that the difference between results of static and dynamic analysis increases as load enhances. Ratio between stress values due to 0.45 MPa load is 20%, while it increases up to 40% due to 0.60 MPa load. Due to 0.75 MPa load value of stress reaches critical value in case of dynamic load, while the strength capacity is more than 25% in case of static load. Fig. 17 shows the difference between Von Mises stress values due to static and dynamic load for model with 0.4 mm cortical shell thickness. In this case, the ratio between stress values due to 0.15 MPa load is less than 25% while it reaches 50% due to 0.45 MPa load, and strength capacity of dynamic load is exceeded, while it has a 15% reserve due to static load. The results obtained also show that stress greatly depends on both thickness of cortical shell and apparent density of cancellous bone, though the primary role is being played by cortical shell, as it carries the major part of the load. On the other hand, a quality of cancellous bone, which is determined by its density, affects the value of stresses. In comparison, the value of failure of the model will be expected due to 0.45 MPa load for model with 0.2 thickness of cortical shell (Fig. 13, 14, 15, 18) , since apparent density of cancellous bone is smaller than 0.15 g/cm 3 . Also, the results of our research show, that static analysis is not reliable enough for predicting strength capacity of the osteoporotic lumbar vertebrae, with the variance in range of the results up to 50%.
CONCLUSION
The proposed model which consisted of cortical shell, cancellous bone and intervertebral disks was treated for various grades of degenerative diseases. The numerical test was performed by applying the FEM tools. The problem was solved using tetrahedral finite elements according to complicated curvature of the model. The optimal mesh and number of finite elements were figured up on the basis of calculation accuracy and calculation time ratio. The von-Mises stress, which was assumed to verify the strength properties, was determined for three different thicknesses of cortical shell and different apparent density of cancellous bone (in range of 0.1-0.3 g/cm 3 ).
The results showed that the von-Mises stress was substantially higher under relatively low levels of apparent density, and critical due to thinner cortical shell, which suggests the high fracture risk even during daily activities. The results also showed that cortical shell is the most important component in aspect of lumbar body strength and the decrease of its thickness from 0.5 mm down to 0.2 mm leads to bone overloading.
In addition, this model can be individualized according to the peculiar anatomical properties of the patient. For that case the DICOM format file should be extracted and processed using CAD software. Then the mechanical properties based on apparent density should be supplied to the developed model and the numerical results of both static and dynamic loading could be used in order to verify the stressed state of the model.
